Basal asterid families, and to a lesser extent the asterids as a whole, are characterized by a high variation in petal and stamen morphology. Moreover, the stamen number, the adnation of stamens to petals, and the degree of sympetaly vary considerably among basal asterid taxa. The B group genes, members of the APETALA3 (AP3) and PISTILLATA (PI) gene lineages, have been shown to specify petal and stamen identities in several core eudicot species. Duplicate genes in these lineages have been shown in some cases to have diversified in their function; for instance in Petunia, a PI paralog is required for the fusion of stamens to the corolla tube, illustrating that such genes belonging to this lineage are not just involved in specifying the identity of the stamens and petals but can also specify novel floral morphologies. This motivated us to study the duplication history of class B genes throughout asterid lineages, which comprise approximately one-third of all flowering plants. The evolutionary history of the PI gene subfamily indicates that the two genes in Petunia result from an ancient duplication event, coinciding with the origin of core asterids. A second duplication event occurred before the speciation of basal asterid Ericales families. These and other duplications in the PI lineage are not correlated with duplications in the AP3 lineage. To understand the molecular evolution of the Ericales PI genes after duplication, we have described their expression patterns using reverse transcription polymerase chain reaction and in situ hybridization, reconstructed how selection shaped their protein sequences and tested their protein interaction specificity with other class B proteins. We find that after duplication, PI paralogs have acquired multiple different expression patterns and negative selective pressure on their codons is relaxed, whereas substitutions in sites putatively involved in protein-protein interactions show positive selection, allowing for a change in the interaction behavior of the PI paralogs after duplication. Together, these observations suggest that the asterids have preferentially recruited PI duplicate genes to diverse and potentially novel roles in asterid flower development.
Introduction
The MADS-, intervening-, keratin-like and C-terminal domain subfamily of plant MADS-box genes (Theissen et al. 1996) encodes DNA-binding transcription factors that are proposed to have played a crucial role in the evolution and diversification of the angiosperm flower (e.g., Becker and Theissen 2003; Irish 2003; Hu and Saedler 2007) . This gene family has been preferentially retained after genome duplications (Liu and Wendel 2003; Blanc and Wolfe 2004; Maere et al. 2005 ) and various gene duplication and loss events have created a phylogenetic pattern that indeed reveals a large potential for gene diversification through shifts in gene expression and protein interaction specificity. Within this family of MADS-box genes, GLO-BOSA/PISTILLATA (PI) belongs, together with DEFI-CIENS/APETALA3 (AP3), to the class B lineage of floral organ identity genes Tröbner et al. 1992) . In a number of core eudicots, genes in this lineage have been shown to be responsible for proper development of petals and stamens in the second and third whorls of the flower Coen and Meyerowitz 1991) . In Arabidopsis, mutations in both PI and AP3 cause homeotic changes in the second and third whorls, leading to the conversion of petals into sepals and stamens into carpels (Jack et al. 1992; Goto and Meyerowitz 1994) . Moreover, the protein products of AP3 and PI form obligate heterodimers that are required for nuclear localization and DNA binding (McGonigle et al. 1996; Riechmann et al. 1996) and the presence of both gene products is necessary to cause an ectopic phenotype (Jack et al. 1994; Krizek and Meyerowitz 1996) . Furthermore, the AP3-PI heterodimer is likely to act as part of distinct higher order protein complexes that uniquely specify each organ type (Honma and Goto 2001; Pelaz et al. 2001; Theissen and Saedler 2001) .
In this class B gene lineage, several duplication events have been documented throughout angiosperm evolution and functional divergence of some of these duplicates has been demonstrated. For instance, a major duplication event in the AP3-lineage at the base of the core eudicots resulted in the TM6 and the euAP3 lineages (Kramer et al. 1998 ). This duplication has allowed for the functional diversification of the resulting gene duplicates in members of the Solanaceae (de Martino et al. 2006; Rijpkema et al. 2006) . Within the Ranunculales, a separate AP3-lineage duplication event has occurred (Kramer et al. 1998) , and functional analyses in Papaver somniferum have demonstrated subfunctionalization of the resulting AP3 paralogs in specifying petal and stamen identity (Drea et al. 2007 ). Duplication of the PI lineage genes has also been identified in various clades within the flowering plants (Kramer et al. 1998; Stellari et al. 2004) . In monocots, divergence of expression patterns of PI paralogs was detected in Oryza sativa and Zea mays (Kang et al. 1998; Kyozuka et al. 2000; Münster et al. 2001) . Divergence in the roles of B-class genes has also been noted with respect to the evolution of novel floral morphologies. For instance, two PI paralogs, FBP1 and PMADS2, have been identified in Petunia Â hybrida, which act in a redundant fashion in petal and stamen development, but FBP1 is also required for the fusion of stamen filaments with the petal tube (Vandenbussche et al. 2004) . Furthermore, in Aquilegia, the B-class genes appear to be required for the modification of a floral organ, the staminodium (Kramer et al. 2007) . These examples taken together illustrate diversifying evolution in the class B gene lineage, where numerous duplication events have created opportunities for functional divergence. However, the extent to which this dynamic pattern of class B gene evolution has played a role in core eudicot floral diversification is not well understood. Core eudicot flowers in general are organized in a regular manner, with a set number of organ types, a clear distinction between sepals and petals, and fused carpels. Nonetheless, significant morphological variation can be observed within this group, and in particular, the asterids display a very wide range of floral diversity in shape, form, symmetry, and color of the floral organs. The asterids contain some 80,000 extant species and comprise a total of about one-third of all flowering plant species (Stevens 2001, onwards) . During early asterid diversification, two extant groups branched off: the orders Cornales and Ericales, which together we denote as the ''basal asterids'' (Albach et al. 2001; Bremer et al. 2002) . These early diverging clades have retained several floral characters that are present in both rosids and asterids including a high variation in the degree of sympetaly, stamen number, adnation of stamens to corolla, and ovule morphology and anatomy (Stevens 2001 onwards, Kubitzki 2003 . Moreover, this group is of special interest because some floral morphological features that are constant in core asterids are variable in basal asterids.
Although a number of functional and phylogenetic analyses have been carried out with several members of the asterid clade (e.g., Petunia, Vandenbussche et al. 2004; Rijpkema et al. 2006; Solanum, de Martino et al. 2006 ; Antirrhinum, Sommer et al. 1990; Tröbner et al. 1992 ; Gerbera, Yu et al. 1999; and Lamiales, Aagaard et al. 2005, 2006) , the evolutionary history of class B genes in asterids is not yet well characterized. In particular, a well-described phylogenetic framework for the PI lineage is still lacking. Furthermore, there has been virtually no sampling of the highly variable basal asterid families, except for Hydrangea (Cornales) (Kramer and Irish 2000) .
We reconstructed the evolutionary history of PISTILLATA-, APETALA3-, and TM6-like genes in asterids by isolating new sequences from basal asterids and Aquifoliales and combining these with previously characterized class B genes and expressed sequence tag (EST) data. Our analyses suggest that during the evolution of both basal and core asterids, old and recent PI gene duplications have occurred and that these are not correlated with duplications in the AP3 lineage. Furthermore, we have examined the possibility of functional divergence of duplicate genes in basal asterids by carrying out expression studies including reverse transcription polymerase chain reaction (RT-PCR) and in situ hybridization data, as well as by assessing sequence divergence and changes in interaction behavior through yeast-2-hybrid analysis. These data, together with previous analyses of class B gene functional capabilities in core asterids, suggest that PI gene duplications have occurred multiple times during the evolution of the asterids and may be associated with the recruitment of these novel duplicates to new floral functions in this clade. Table 1 lists the species used in this study. Our rationale was to sample densely across the orders Ericales and Cornales, because the largest variation in floral morphology of asterids is found here. For these orders, species from 19 of 23 Ericales families and four of seven Cornales families were studied. The unsampled families were mainly monospecific or low in taxon number. From seven larger families, more than one species was sampled. In addition, we added Ilex aquifolium from the core asterid order Aquifoliales. The newly generated sequences are indicated in bold in table 1. To supplement our sampling with species from core asterids, we performed Genbank Blast searches in both the nucleotide and EST databases. In this way, sequences from 27 other asterid species were added of which the EST sequences are marked with an asterisk in table 1. Naming of sequences explicitly follows the priority rule, in which new members of a gene lineage are named after the first discovered member of this clade: DEFICIENS ) and GLOBOSA (Tröbner et al. 1992 ) from Antirrhinum majus and TM6 from Solanum lycopersicon (Pnueli et al. 1991 ).
Material and Methods

Species Sampling
Cloning of Class B MADS-Box Genes
Floral buds were frozen in liquid nitrogen and stored at À80°C. Total RNA was isolated from these, using the Invisorb Spin Plant RNA kit (Invitek, Berlin, Germany) . From this total RNA, mRNA was isolated using the Nucleotrap mRNA kit (Macherey-Nagel, Düren, DE) and reverse transcribed into cDNA using avian myeloblastosis virus (AMV) reverse transcriptase (Promega,Madison,WI) and the included oligo-dT primer. Our initial strategy was applying 3#-rapid amplification of CDNA by PCR (Frohmann et al. 1988 ) using primers (MADSBFCT: 5#-GGGGTACCAAYMGICAR-GTIACITAYTCIAAGMGIMG-3#, RQVT: 5#-CGRCARG-TGACSTTCTSCAARCG-3#, oligodT: 5#-CCGGATCCT-CTAGAGCGGCCGC(T)17-3#) and polymerase chain reaction (PCR)-programs from the literature (Kramer et al. 1998; Winter et al. 1999) . After a provisional alignment of basal asterid PISTILLATA-sequences, the primer from Kramer et al. (1998) was modified (5#-GGGGTACCAAYMGGCARGT-GACGTAYTCGAAGMGGMG-3#). Based on the same alignment, new forward and reverse primers (5#-GYTYTGG-GATGCTAARCATGAG-3#, 3#-AGMNAGNACRTYTA-AWCCRAC-5#) were designed to amplify a second copy of PI in Galax urceolata. Using this forward primer, in combination with the oligodT as reverse primer, PI homologues from Maesa argentea and Acanthogilia gloriosa were isolated. A second copy of Primula denticulata was isolated using a primer based on a short PI sequence of Primula vulgaris in Genbank (DQ381443). After creating an alignment of AP3-like genes, a reverse primer on the C-terminus (3#-YCCRTYRTCVACYARCCCRTARTGWGGATC) was designed and combined with the MADSBFCT forward primer (Krameretal.1998)toamplifyAP3-likegenesmorespecifically. All PCR amplifications were carried out using Taq DNA Polymerase (Invitrogen, Carlsbad, CA). PCR products were gel-purified with the Nucleospin extract 2 kit (MachereyNagel) and cloned into the pGEM-T vector (Promega). After transformation, between 50 and 100 white clones were checked forinsertsinaPCRreactionusingthesameprimersandprogram. Plasmid DNA for selected clones was extracted with the Nucleospin Plasmid kit (Macherey-Nagel). In an effort to sample class B members exhaustively for each species, between 20 and 40 2628 Viaene et al. plasmid inserts were sequenced using T7 and SP6 universal primers using the BigDye Terminator 1.1 kit (Applied Biosystems, Foster City, CA) on an Applied Biosystems 310 sequencer or the plasmids were sent for sequencing (MacroGen Inc., Seoul, South Korea). New sequences were deposited in Genbank (Accession numbers GQ141105-GQ141187).
Identification and Sequence Analysis
Obtained nucleotide sequences were translated into the corresponding amino acid sequence and manually aligned using MacClade 4 (Maddison RP and Maddison WP 2003) together with previously cloned and characterized class B sequences from Genbank (table 1). After alignment, nucleotide sequences were analyzed with PAUP* 4b10 (Swofford 2002) , MrBayes 3.1.2 (Huelsenbeck and Ronquist 2001) and PHYML (Guindon and Gascuel 2003) (PI matrix only). Paup* 4b10 (Swofford 2002) was used for parsimony bootstrap analysis. A Maximum Parsimony (MP) heuristic search was conducted using 1,000 random addition sequences with tree bisection and reconnection branch swapping and saving of multiple parsimonous trees (MulTrees on). Branch support was calculated by nonparametric bootstrap analysis on 1,000 pseudoreplicate data sets (Felsenstein, 1985) . Parameters for the Bayesian analysis and maximum likelihood (ML) analysis were estimated using Modeltest 3.06 (Posada and Crandall 2001) . Modeltest selected the GTR (general time reversible) þ I þ G substitution model using the Akaike Information criterion. MrBayes was run for 5 million generations, where for every 100 generations one tree was saved. For both matrices, the search reached the stationary phase around 50,000 generations. This number was considered the ''burn-in period'' and was excluded when the consensus phylogeny was constructed. PHYML (Guindon and Gascuel 2003) was used for ML inference of the PI matrix. Confidence in the clades was estimated by the approximate likelihood ratio test (aLRT) method from Anisimova and Gascuel (2006) and traditional bootstrap analysis with 100 replicates. For the aLRT tests, we used both the v 2 statistic and the more conservative shimodeivaHasqawa (SH)-like test as branch support measures. To further look into the supposed ancient PI duplication during the evolution of the Ericales clade, we additionally constructed a matrix with only the duplicated PI genes resulting from this duplication. Cornales PI genes were used as outgroups as the reconstructed PI phylogeny gives us no clear answers on the exact timing of duplication. A similar analysis strategy was used, but Modeltest selected the Hasegawa-Kishino-Yano (HKY) þ G substitution model for the Bayesian and ML analyses.
Semiquantitative RT-PCR RNA was extracted from each organ type separately using the Invisorb Spin Plant RNA kit (Invitek) and each RNA sample was DNase treated using TURBO DNA-free (Ambion, Austin, TX). Total RNA was reverse transcribed into cDNA using AMV reverse transcriptase (Promega) and the included oligo-dT primer and random primers. Genespecific primers are listed in supplementary table S1, Supplementary Material online. Expression of AP3 in Gustavia brasiliensis and of TM6 in Cyclamen persicum, Primula acaulis, Stewartia pseudocamellia, and Halesia diptera were examined with primers from AP3-like sequences from closely related species. Ribosomal 18S RNA was used as a control.
In Situ Hybridization
Antisense probes were in vitro transcribed using T7 RNA polymerase (New England Biolabs, Ipswich, Australia) in the presence of digoxigenin-labeled uracil-5#-triphosphate (Roche, Basel, Switzerland) from PCR-amplified templates that included a T7 promoter. Tissues were fixed in 4% paraformaldehyde, paraffin embedded and sectioned at 8 lm. Sections were mounted on Probe-On-Plus slides (Fisher Scientific, Pittsburgh, PA). Prehybridization, hybridization, and detection essentially followed Carr and Irish (1997) . Newly generated asterid sequences are marked in bold; EST data are highlighted with an asterisk.
Hybridizations in Sarracenia rubra and Stewartia rostrata were carried out using heterologous probes of the closely related species Sarracenia drummondii and S. pseudocamellia.
Codon Substitution Models
Omega (x or d N /d S ) is a measure of the amount of natural selection acting on the protein. To test whether positive selection acted after the duplication event at the base of the Ericales, the previously obtained Bayesian topology of PI genes was pruned in TreeEdit (indicated in fig. 1 ) and the matching data sets were analyzed using PAML, version 3.14 (Yang 1997) . We used two data matrices to investigate selective pressure; a matrix in which only the duplicated genes that originated after the duplication event at the base of the Ericales are present (hereafter matrix A) and a second matrix in which the paralogous copies from species who have lost either one of both paralogs are incorporated in matrix A (hereafter matrix B). The log-likelihood of the sequence alignments was calculated using different codon substitution models and likelihood ratio tests were used to detect significant differences in fit between nested models. Branch models (Yang 1998; Yang and Nielsen 1998) were used to test for episodic adaptive evolution after duplication: either in all lineages combined or in paralogous lineages separately. To test for the presence of positive 
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selection on sequence sites, site models were applied that hold x constant among all branches but allow x to vary among codons. Site models include M1a, M2a, M7, and M8 Wong et al. 2004; Yang et al. 2005 ). Positive selection is inferred when M2a and M8 are, respectively, significantly better than M1a and M7. Branchsite models allow the x ratio to vary among both sites and lineages (Zhang et al. 2005 ) and can be used to detect positively selected sites in specific lineages within the tree. We used the modified branch-site model A and compared this model with the nested site model M1a (Test 1) and the null model A (Test 2) to test for positive selection (Zhang et al. 2005 ).
Yeast Two-Hybrid Assays
The intervening-, keratin-like, and C-terminal domain domains of the two PI (CjGLO1 and CjGLO2), the AP3 (CjDEF), and TM6 genes (CjTM6) from Camellia japonica were fused with the GAL4 activation domain in the pGAD424 vector and the GAL4 DNA-binding domain in the pGBT9 vector (Clontech, Mountain View, CA). Each possible vector combination was transformed in yeast and two colonies per transformation were used for B-galactosidase liquid assays, using the protocol available at http://www.fhcrc.org/ science/labs/gottschling/yeast20%Protocols/Bgal.html.
Results
In total, 83 new B-lineage sequences were amplified from asterid species. Forty-seven new PI and 36 new AP3-like sequences were identified from 31 and 25 asterid species, respectively (table 1). All but one of these species belong to the basal asterid orders Cornales and Ericales. In addition, PI homologues were amplified from I. aquifolium (Aquifoliales).
Two Ancient and Frequent Recent Duplications Have Occurred in the Asterid PI Lineage
For the phylogenetic analyses of the PI lineage, we combined the newly identified PI genes with previously identified asterid PI sequences and EST data from Genbank to generate one data set. Basal eudicot sequences were used as outgroups for this data set and AqvPI (Aquilegia, Ranunculales) was used to root the PI tree. A nucleotide alignment of 74 taxa was analyzed using MP, ML, and Bayesian analyses. The results are summarized in figure 1.
The Bayesian topology, which has relatively high posterior probabilities for a majority of nodes, did not conflict with the most likely tree from the ML analysis. The MP analysis, however, did not resolve the relationships between the major clades and high bootstrap values were only obtained for nodes at lower taxonomical levels. Similar to the bootstrap values from the MP analysis, bootstrap support for the ML tree is low and we chose to only indicate the bootstrap values from the MP analysis on the phylogeny. However, to provide an additional measure of support in a likelihood framework, we show SH-like and v 2 -like aLRT test values. These provide additional support for the Bayesian inferred relationships.
The inferred PI phylogeny ( fig. 1 ) indicates that this gene lineage probably underwent two ancient duplication events during asterid evolution. In both instances, the two copies were retained in some extant species lineages, whereas in other taxa, one copy appears to have been lost or further duplicated. An initial ancient duplication probably occurred early in the evolution of the core asterids, because the Bayesian analysis supports two paralogous clades: a clade containing Gentianales, Solanales, and Asterales sequences (BPP 95) and one with Solanales and Lamiales sequences (BPP 100). The latter is also strongly supported by MP bootstrapping (86) and aLRT testing (100/99). Given our current knowledge of asterid evolution (Albach et al. 2001; Bremer et al. 2002) , this suggests an ancient duplication event before the origin of the two major core asterid clades (euasterids I and euasterids II) (Bayesian analysis) or at least before the origin of the euasterid II clade, comprising Solanales, Lamiales, and Gentianales (MP analysis and aLRT testing). This duplication event was then followed by independent losses in each paralogous lineage. Although our results allow us to infer such a scenario, no Garryales, Dipsacales, or Apiales PI representatives are currently available that would further support such a hypothesis. In addition, the PI sequences of Aquifoliales, an order situated at the base of the euasterid II clade, occupy a nonsupported position at the base of basal asterid PI sequences. Together, this suggests that an even denser sampling of asterid sequences would be desirable to determine the exact moment of the PI duplication in the core asterid lineage with even more confidence.
The ML tree further suggests a second ancient duplication event, consistent with an origin early in the radiation of the order Ericales. The PI sequences from Ericales representatives that are strongly supported by Bayesian support (BPP 96) and aLRT support (99/99) are placed into two separate clades. A first clade is supported by a BPP value of 90 and a v 2 -value of 92. The weakly supported second clade (BPP 67, aLRT 70/88) consists of two strongly supported clades (BPP 96, aLRT 94/99 and BPP 90, aLRT 89/99) where one (BPP 96) consists of the proposed basal lineages of the Ericales, the balsaminoïd clade, and Lecythidaceae (Geuten et al. 2004; Schönenberger et al. 2005) . The presence of three strongly supported clades within the Ericales suggests that the duplication in Ericales could have occurred either at the base of the Ericales (as the ML phylogeny shows) or after the divergence of the basal lineages (balsaminoids and Lecythidaceae). Galax urceolata (Diapensiaceae), H. diptera (Styracaceae), Saurauia zahlbruckneri (Actinidiaceae), S. pseudocamellia and C. japonica (Theaceae), and Symplocos chinensis (Symplocaceae) all have multiple PI copies belonging to two strongly supported clades due to this ancient duplication event. Again, this ancestral duplication is followed by different gene fates, with independent losses and duplications in each paralogous lineage. Although further sampling could lead to alternative explanations for the proposed multiple loss events, there is some support for the hypothesis of independent gene loss in each paralogous lineage. Southern blot analyses of Marcgravia umbellata and Diospyros digyna (data not shown) both indicate that there is likely only one PI gene present in each of these species ( fig. 1, underlined) . This observation supports the hypothesis of multiple PI gene losses within the Ericales.
Because we wanted to explore the effect of omitting taxa with single-copy genes of which the paralogous was putatively lost after duplication, we constructed a second matrix with only duplicated PI genes due to the ''ancient'' duplication from G. urceolata (Diapensiaceae), H. diptera (Styracaceae), S. zahlbruckneri (Actinidiaceae), S. pseudocamellia and C. japonica (Theaceae), and S. chinensis (Symplocaceae). The MP analysis resulted in just one most parsimonious tree that is identical to the tree with the highest likelihood. As in the previous analysis, the same two paralogous clades were identified. In this case, both BPP values (100 and 97) and ML bootstrap values (57 and 53) were higher in this case, supporting a duplication event presumably at least before the divergence of these families and after the divergence of the primuloid clade in Ericales phylogeny (Schönenberger et al. 2006) .
In addition to these two ancient duplication events, we identified several other, more recent duplication events in asterid evolution. From I. aquifolium (Aquifoliaceae), we amplified two PI copies, but more extensive sampling of Aquifoliales representatives should reveal the timing of this duplication more accurately. In Cornales, duplicate genes are found in both Davidia involucrata and Nyssa sylvatica (Nyssaceae), suggesting that the duplication that resulted in these copies occurred in the lineage leading to Nyssaceae. In the clade of Ericales representatives, there are seven species with more than one PI copy, which appear to be more recent than the previously described duplication event at the base of the Ericales order. For example, we isolated two PI homologues from Impatiens glandulifera (IgGLO1 and IgGLO2, Balsaminaceae). A previously characterized PI gene from Impatiens hawkeri (IhGLO, Geuten et al. 2006 ) groups with IgGLO2 but not with the PI gene from M. umbellata (MuGLO, Marcgraviaceae), suggesting that this duplication occurred at the base of the Balsaminaceae. Similarly, we isolated two PI genes from G. brasiliensis (Lecythidaceae) and the phylogeny indicates that one copy is more related to the PI gene from another Lecythidaceae representative, Napoleonaea vogelii. Because Gustavia is basal in the phylogeny of Lecythidaceae (Mori et al. 2007 ), the duplication leading to paralogous copies in Gustavia probably occurred at the origin of the Lecythidaceae or earlier.
We also identified two PI copies in Erica hiemalis (Ericaceae) and Actinidia chinensis (Actinidiaceae). In both S. pseudocamellia (Theaceae) and S. zahlbruckneri (Actinidiaceae), a third PI copy is present presumably as a result of a more recent duplication in one of their paralogs. As the sequence similarity of the paralogs in these four species is high (91-98%), it is hard to decide whether these genes are at the same genetic locus or at different loci. We suggest these genes to be paralogous copies with a very recent origin and not shared by any other species in our sampling. Finally, two PI genes were identified in P. denticulata (Primulaceae). Although sequence similarity among these genes is significantly lower (82%), this duplication is not shared by any other PI genes in our analyses, indicating that this duplication is specific to the Primulaceae.
Duplications in the AP3 and TM6 Lineages Are Few and Not Correlated with PI Duplications
We also carried out phylogenetic analyses of asterid AP3 sequences, using a number of newly identified AP3 sequences as well as previously characterized genes and EST sequences from Genbank (table 1). The phylogeny was inferred from a nucleotide alignment of genes from 85 taxa, which was analyzed using both MP and Bayesian methods ( fig. 2) . In the Bayesian analysis, AlAP3 was used to root the AP3-like tree. Similar to previous analyses (Kramer and Irish 1999; Kramer et al. 2006) , our Bayesian analysis recovered two highly supported clades: A first clade contains the euAP3 homologues (BPP 98), whereas a second clade contains the TM6 homologues (BPP 100) ( fig. 2) . The duplication event that gave rise to these two eudicot AP3 gene clades is placed near the base of the core eudicots and likely occurred coincident with the origin of Trochodendraceae and Buxaceae (Kramer et al. 2006) . Within core asterids, our phylogeny gave no indications of major duplication events, but only five of eight core asterid orders were sampled. Similarly, in basal asterids, duplication events have seemingly not played an important role during AP3 evolution because the observed gene phylogeny did not conflict with the species phylogeny (Schönenberger et al. 2006) . In several cases though, paralogous AP3 genes of very recent origin were identified in four species, one from Ericales (I. hawkeri, Geuten et al. 2006 ) and three from core asterids (Hieracium piloselloides, Mimulus cultstatus, and Salvia coccinea) (Aagaard et al. 2005) . As for the PI phylogeny, the bootstrap values in the MP analyses were low and these analyses resulted in a poorly resolved tree.
After the basal eudicot and rosid representatives branch off in the euAP3 clade (BPP 98), the Cornales representatives are sister to two large clades. The first clade contains the newly sampled Ericales representatives (BPP 81), whereas the second contains all core asterid sequences (BPP 54). The unexpected association of Brassicaceae representatives (AP3, BjAP3) with the euAP3 genes from Asterales was also present in previous analyses and probably illustrates the need for even denser sampling (de Martino et al. 2006; Kramer et al. 2006) . Within the Ericales euAP3 clade (BPP 81), most relationships are poorly resolved. However, a strongly supported primuloid (BPP 100), ericoid (BPP 91), and balsaminoid clade (BPP 100) can be observed (Schönenberger et al. 2005) . Within the TM6-clade, Ericales representatives are supported with a BPP of 99, but overall support within this clade is low. However, we did not recover any paralogous copies of TM6 genes in the species sampled, suggesting that duplication events in this clade either do not occur readily or are selected against. We also observed an unexpected association of Asterales TM6 representatives with rosids (BPP 71), as reported in previous analyses (de Martino et al. 2006; Kramer et al. 2006) . The TM6 genes within the Solanales are strongly supported as a clade (BPP 100).
RT-PCR Reveals Divergence of Expression Patterns After Duplication
To investigate whether gene duplicates have diverged in expression patterns or have seemingly remained under the same regulatory control, we used RT-PCR to monitor gene expression levels in mature dissected floral organs ( fig. 3) . We limited our survey to Ericales species that contain representatives of PI genes arising from both the ancient and recent duplications. We find that the expression pattern of PI paralogs has diverged considerably and fairly rapidly. The PI protein is known to require an AP3-like interaction partner for its in vivo function in a number of core eudicots (Jack et al. 1992; Tröbner et al. 1992; Goto and Meyerowitz 1994) . We therefore also examined the expression patterns of TM6 and euAP3 genes in the same species.
We compared Ericales expression patterns with the asterid species Petunia Â hybrida (Solanaceae). Both PI genes in Petunia show a very similar expression pattern (Vandenbussche et al. 2004) . Expression of these two PI homologues (FBP1 and PMADS2) is mainly confined to the second and third whorls (Angenent et al. 1992 ; Van der Krol et al. 1993) . Expression of PhDEF, the AP3 homologue, was mainly 2634 Viaene et al. confined to petals and stamens with low expression in first and fourth whorl organs. PhTM6 has a different expression profile, with strongexpressionin stamens and carpels, whereas expression in sepals and petals is low (Vandenbussche et al. 2004) . Similar expression patterns to Petunia of PI, AP3, and TM6 were detected in S. lycopersicon, another core asterid Solanaceae species (de Martino et al. 2006) .
Multiple copies of PI have been retained in the genomes of S. pseudocamellia, C. japonica, and H. diptera after the major duplication event at the base of the Ericales. 
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Both copies in each of these species appear to have diverged in their expression patterns after duplication ( fig. 3A-C) . Although HdGLO2 is expressed in the petals and stamens of H. diptera, the other copy (HdGLO1) is mainly expressed in stamens and the gynoecium and absent in petals. In comparison, the TM6 and euAP3 lineage genes show unexpected expression patterns, with strong expression of HdTM6 in all disected organs but HdDEF expression being mainly restricted to petals and carpels. In C. japonica, one PI paralog (CjGLO2) is expressed throughout sepals, petals, and stamens, whereas expression of the second paralog (CjGLO1) appeared to be restricted to the nonfused parts of petals, stamens, and carpels. Although both CjDEF and CjTM6 expression are detected in all organs, strong expression of CjDEF is seen mainly in the sepals and petals. CjTM6 expression is strongest in all stamen parts and in carpels. S. pseudocamellia also displays differences in the expression of its two PI copies. One paralog (SpGLO2) is expressed in petals, stamens, carpels, and expression of the second paralog (SpGLO1) is more restricted to the fused part of petals and stamens and upper part of petals. The AP3 homologue, SpDEF, is strongly expressed in all stamen parts and carpels, whereas strong expression of SpTM6 is detected in sepals, all stamen parts, and carpels.
In summary, in these three cases, there is one PI copy with a broad expression pattern in the flower (even in sepals and carpels), whereas expression of the other PI copy is more restricted to specific parts of petals and stamens. These expression patterns differ from those of PI lineage genes in core asterid species (Vandenbussche et al. 2004; de Martino et al. 2006) , where PI expression (also in a duplicated configuration) is mainly restricted to the second and third whorl organs, petals, and stamens, and no strong expression in the first and fourth whorl organs is detected. Interestingly, the divergence in expression patterns in these species does not follow the gene phylogeny: The paralogous copies with a general expression pattern are not grouped in one clade of PI genes in Ericales, but rather are found in two clades. This suggests that the PI expression domains were not fixed immediately after duplication, indicating that subfunctionalization in spatial expression does not explain retention of the duplicates. Alternatively, if regulatory subfunctionalization was the main reason for retention, evidence for this has been obscured through time. Differences in expression between AP3 and TM6 in C. japonica seem to be very similar to members of the same lineages in the core asterid species. Expression of AP3-like genes in H. diptera and S. pseudocamellia, however, differs from those of Camellia, with strong AP3 expression in the carpels of Stewartia and Halesia and weak expression of AP3 in stamens of Halesia. In each of these species, expression of one or both AP3-like genes is detected in the sepals.
Sarracenia drummondii ( fig. 3D ), Styrax japonicus ( fig. 3E ), C. persicum ( fig. 3F) , and Phlox paniculata ( fig. 3G ) maintained probably only one of the paralogous PI copies in their genome after the ancient Ericales duplication. Moreover, Sarracenia and Styrax maintained a different copy ( fig. 1 , BPP 68) than did Cyclamen and Phlox ( fig. 1, BPP89) . We investigated the expression patterns of PI genes in these species to monitor the possible divergence between the two paralogous PI clades after duplication. In each of these four species, PI is expressed in petals and stamens, similar to the expression patterns of PI in core asterids in previous studies (Vandenbussche et al. 2004; de Martino et al. 2006) . In both Sarracenia (SdGLO) and Phlox (PpGLO), there is some expression detected in the carpels, whereas SjGLO (Styrax) is also expressed in sepals. No clear divergence in expression of PI from the two different clades ( fig. 1, BPP68 and BPP89) is detected in the second and third whorl organs. The expression patterns of AP3 and TM6 lineage genes are different between these four species. Although in S. drummondii, both AP3 and TM6 are expressed in all four floral whorls, the expression in Styrax is very similar to that of TM6 and AP3 in core asterid species with, in addition to expression in petals and stamens, expression of TM6 in carpels and AP3 in sepals. In Cyclamen, TM6 expression is absent in the upper part of the stamens and strong expression of AP3 is detected in the carpels. In Phlox, however, TM6 expression is absent from the carpels.
The multiple PI copies in G. brasiliensis (Lecythidaceae) and P. acaulis (Primulaceae) are the result of a recent duplication, probably at the base of these two families ( fig. 1) . We looked at the expression pattern of each of these duplicated genes and of the AP3-like genes in these species. In G. brasiliensis, GbGLO2 is expressed in petals and stamens, whereas GbGLO1 is mainly expressed in the staminal parts and less in the petals ( fig. 3H ). Expression of AP3 and TM6 seems to be ''inverse'' compared with the expected asterid expression, with AP3 expression mainly restricted to the stamens and strong TM6 expression in the petals. No AP3-like expression is detected in the carpels. In P. acaulis, there are differences between the expression patterns of both PI copies ( fig. 3I ). PaGLO2 is expressed in all organs tested, whereas the expression of PaGLO1 is mainly restricted to the sepals and petals. Both AP3 and TM6 are strongly expressed in sepals and, as in C. persicum, TM6-expression is weak in the staminal parts. Even after these recent duplication events, divergence in the expression domain of the two PI copies is detected.
In contrast to the duplicated PI genes of Petunia (Vandenbussche et al. 2004 ), the expression domains of PI genes have changed considerably after duplication in Ericales. For both ancient and several recent duplication events, divergence in expression was detected, indicating that the regulation of the duplicate copies has diverged. In the studied species where only one PI copy was isolated, it appears that an ''ancestral'' expression pattern of PI is reestablished. However, a second copy could have been missed during amplification. Also within the AP3-like lineage, some derived expression patterns are detected.
In Situ Hybridization Demonstrates Expression Divergence in Early Flower Development
To analyze the expression patterns of the PI genes after duplication in early developmental stages, we examined the spatio-temporal expression patterns of PI in selected Ericales species by in situ hybridization (fig. 4) . We selected examples of each type of fate after duplication: retention of both ancient duplicates (Stewartia), retention of only one of each PI paralog (C. persicum and S. rubra) and retention of recent duplicates (P. acaulis).
In S. rostrata ( fig. 4A-F) , we could detect expression divergence between each of the PI copies at early stages of floral development. At the stage when petal primordia are evident but stamen primordia are apparent only as small meristematic outgrowths, SpGLO1 expression is detected in petal and stamen primordia ( fig. 4A ), whereas SpGLO2 transcripts are also detected in the tip of the sepals ( fig. 4D ). As the flower develops, SpGLO2 expression is low but expands to include developing carpels ( fig. 4E ) and expression is maintained in the carpels in later stages ( fig. 4F ). In contrast, SpGLO1 expression is maintained at high levels only in petals and stamens through later stages ( fig. 4B and C) and does not expand into sepals and carpels. These early patterns of S. rostrata PI gene expression are consistent with the later patterns of expression as detected by RT-PCR ( fig. 3I ).
Expression patterns of PI homologues were further investigated in C. persicum ( fig. 4G-I ) and S. rubra ( fig. 4J-K) . CpGLO expression first appears in the young petal primordia ( fig. 4G ), followed by expression in the stamen primordia as they emerge ( fig. 4H ). Expression in these organs is maintained in later stages ( fig. 4I ). In contrast to the expression patterns in mature organs as documented by RT-PCR, weak expression in the developing sepals ( fig. 4H ) and developing carpels ( fig. 4I ) was detected. For S. rubra, we were not able to obtain the earliest developmental stages. For later stages of floral development, we observed strong expression of PI in petals and stamens ( fig. 4J ). Weak expression of SdGLO was also detected in the developing carpels ( fig. 4K ), which is consistent with the RT-PCR data ( fig. 3 ). These observations, together with the RT-PCR data ( fig. 3) , support the idea that species with presumably only one PI copy in their genome show expression that is more confined to petals and stamens.
Finally, we investigated the expression of recent PI duplicates in P. acaulis ( fig. 4L-Q) . At early stages, both PaGLO1 ( fig. 4L ) and PaGLO2 ( fig. 4O ) are expressed across the meristematic dome, in sepal primordia, common petal-stamen primordia, and carpel primordia. Expression of PaGLO2 is maintained in all organs at older stages ( fig. 4R and Q) , whereas PaGLO1 expression is restricted to the stamens ( fig. 4M and N) .
The in situ expression data ( fig. 4) , in comparison to the RT-PCR data ( fig. 3 ), indicate that early patterns of expression of PI genes are often developmentally regulated, with different patterns of expression being observed early in comparison to later in flower development. Nonetheless, both sets of data indicate that in species possessing duplicate PI genes, divergence in expression patterns between the two copies is a common theme.
Positive Selection and Relaxed Purifying Selection Acts After the Duplication Event in Ericales in the K-and CCerminal Domain
The mRNA expression data indicate that duplicate PI paralogs have acquired different expression patterns, suggesting independent evolution of their transcriptional regulatory control. It was also demonstrated that adaptive evolution in the coding regions of MADS-box transcription factors has played a role in the diversification of this gene family (Martinez-Castilla and Alvarez-Buylla 2003) . Within class B genes, Hernandez-Hernandez et al. (2007) demonstrated the role of positive selection after critical duplication events like the AP3-PI duplication and the euAP3-TM6 duplication. To investigate whether parallel changes occurred in the coding regions of the genes examined in this study, we investigated the nonsynonymous versus synonymous amino acid replacement rates for significant increases: before and after duplication, in the specific paralogous clades and along the coding sequence. The results of likelihood ratio tests are shown in table 2 and Comparison of the likelihood scores calculated using branch models R1 and R2 for matrix A indicates a significantly increased evolutionary rate following the ancient duplication event in Ericales. The d N /d S estimate from the two-ratio branch model after duplication (x 5 0.285) is twice compared with the value before duplication (x 5 0.113), illustrating the relaxed selective regime resulting from the duplication event. However, the same test applied on matrix B did not reveal this change in selective pressure. One possible explanation is that, by adding the single-copy lineages that evolved after duplication, the observed pattern in matrix A for the duplicates is obscured. In addition, we found no evidence that the two paralogous gene clades could be evolving at different rates, because the threeand four-ratio models did not result in a significantly increased log-likelihood as calculated for either of the data matrices.
To formally test for the presence of positive selection on sequence sites, we used the site models proposed by Nielsen and Yang (1998) and Yang et al. (2000) . Analysis of matrix A shows that both M2a and M8, two models that allow for positive selection, fit the data significantly better than the corresponding neutral models (M1a and M7). Substitution patterns in about 5% of the sites, for the M2a model, and about 9% of the sites, for the M8 model appear to result from adaptive evolution. Here, also analysis of matrix B suggests positively selected sites: M8 fits the data better than the neutral model M7 with an estimation of 10% sites under positive selection. Bayes empirical Bayes ) identification of the sites under positive selection in matrix A finds seven sites to be positively selected under model M8; two of these sites have a posterior probability higher than 99%. Within matrix B, only two positively selected sites were detected, which were also identified in matrix A, both with posterior probability higher than 91%. Interestingly, all the identified sites are located within the K2-subdomain, the interhelical region between K2 and K3, the K3-subdomain, and the C-terminal domain ( fig. 5 ). These functional domains have been shown to be important for protein-protein interactions among Arabidopsis MADS-domain proteins (Ma et al. 1991; Pnueli et al. 1991; Shore and Sharrocks 1995; Riechmann et al. 1996; Yang et al. 2003) . The strength of the AP3-PI interaction is mediated primarily by K1 and K2, whereas the PI-SEP interaction is mediated by K2, the amino-terminal portion of K3 and possibly the C-domain Yang and Jack 2004) . The C-terminal region normally shows much lower sequence conservation but contains short, highly conserved motifs (Lamb and Irish 2003) . Several studies have suggested that this domain is involved in the formation of higher order protein complexes (Egea-Cortines et al. 1999; Honma and Goto 2001 ), yet the specific function of the class B C-terminal domains is unclear (Lamb and Irish 2003; Piwarzyk et al. 2007 ). None of the sites identified by Yang et al. (2003) to be responsible for the direct interaction between APETALA3 and PISTILLATA are positively selected for in our data set. However, site 49 contains a hydrophobic amino acid that, when mutated, disrupts the alpha-helical secondary structure . In addition, sites 49 and site 60 in figure 5 were identified by Yang and Jack (2004) to be critical for PI-SEP interaction. Site 49 is situated within the K2 subdomain, which is required for both AP3-PI and PI-SEP interaction, whereas site 60, which is located at the amino-terminal end of K3, affects, when mutated the strength of the PI-SEP interaction.
To identify evolutionary pressures acting on specific sites along certain branches and in clades, we calculated likelihoods using the branch-site models. First, we specified the two branches immediately following the duplication as foreground branches in matrix A. Branch-site models that allow for positive selection in these foreground branches were not better at explaining the data than the nested site models M1a and the null model A and indicate no evidence for a burst of positive selection in the branches immediately following the duplication event (Bielawski and Yang 2003) (data not shown). Second, we treated all branches in either clade of paralogs as foreground branches. When these two clades are treated separately, the model allowing for 
positive selection is not significantly better in explaining the data than the model M1a and null model A (data not shown). When the two clades are treated together as foreground branches, model A is significantly better than the nested site model M1a (test 1), suggesting that positive selection is acting in both clades that arose after duplication. Bayes empirical Bayes identification resulted in seven positions, though all with posterior probability below 90%. The improved test 2 from Zhang et al. (2005) resulted in a value 2.52 just beneath the critical value 2.71 at the 5% level but far above the critical value at the 10% level, 1.64. These two tests support the hypothesis that positive selection acts after the duplication event in both paralogous gene clades. Together, the identification of changes in selective pressure in time and along the coding sequence indicate that, upon duplication, PI paralogs, underwent an increased nonsynonymous substitution rate and that this occurred specifically in the domains shown to be necessary for protein-protein interactions.
Diversification in the Interaction Behavior of B-Class Genes After the Ancient Duplication Event in Basal Asterids
As sites in the interaction domains of the PI genes from basal asterids were detected to be positively selected after duplication, we further investigated the possible functional divergence of the duplicated PI proteins by yeast-2-hybrid analyses. We tested the interactions between the four class B genes in C. japonica. Camellia japonica contains two AP3-like genes, one belonging to the euAP3-type and one from the paleoAP3-type and two PI-like genes from an ancient duplication event at the base of the Ericales. This situation is similar to the B-class configuration in the core asterid species Petunia Â hybrida (Vandenbussche FIG. 5 .-Alignment of the K-domain and C-terminal domain of the PI duplicates from matrix A used for the analysis in PAML. Different subdomains and the characteristic PI motif are indicated (Kramer et al. 1998) . Codon positions identified to be under positive selection are marked with gray boxes.
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et al. 2004) and S. lycopersicon (Leseberg et al. 2008) but different from other model species such as Arabidopsis thaliana in rosids and A. majus in core asterids, where only a single pair of class B genes is present. Table 3 reconstructs the interaction specificity between the class B representatives of C. japonica. CjDEF is able to interact with both GLO proteins (CjGLO1 and CjGLO2), whereas CjTM6 is only able to interact with CjGLO1. This situation is comparable to Petunia, but the two PI copies in both species originate from an independent duplication event, very distant in asterid phylogeny (described above). Intriguingly, in Camellia, CjDEF is able to form a homodimer, a situation not observed so far in the core eudicots. It has been hypothesized that homodimerization was ancestral and that in core eudicots the ability of AP3 gene products to homodimerize was lost Riechmann et al. 1996; Winter et al. 2002) . However, it would be prudent to confirm this homodimeric interaction using an independent method or to repeat the experiment with full-length constructs before attributing in vivo relevance to this observation.
We find it interesting this diversification in interaction specificity of PI copies after duplication is analogous to the situation in Petunia and tomato. PhDEF in Petunia is able to interact with both PhGLO1 and PhGLO2, whereas PhTM6 is only able to interact with PhGLO2. The specific interaction in Petunia of PhDEF with PhGLO1 is responsible for a novel function in the flower development of Petunia, the fusion of the stamen filaments with the petal tube (Vandenbussche et al. 2004) . The presence of two GLO genes in both Petunia and Solanum originates from the same ancient duplication event at the base of the core eudicots as already shown in the phylogenetic analysis. However, in S. lycopersicon, the interaction scheme between the class B genes is different, with the TAP3 protein only interacting with LePI and TM6 interacting with the other GLO protein, TPI (Leseberg et al. 2008) , suggesting rapid evolution of the interactions between the duplicated B-class gene products in these two species.
Discussion
Asterids Preferentially Adopted PI Duplications to Drive Diversification of B-Function
Although asterids have both AP3 and PI gene lineages, these species have preferentially retained PI gene duplicates during their evolution. Both at the base of the Ericales and at the base of its crown group, the core asterids, a duplication event in the PI lineage occurred and was retained in a significant number of extant species. These duplications are not correlated with duplications in the sister lineages of AP3-like genes. Similar ancient and evolutionarily retained PI duplications have not been described in eudicots so far, but occurred in noneudicot groups such as basal angiosperms where a PI duplication occurred early in the evolution of the magnoliids (Stellari et al. 2004 ) and in the grasses where a PI duplication occurred before the divergence of the lineages with both rice and maize (Münster et al. 2001) . Most documented PI duplications however have occurred fairly recently in specific lineages within families (Chung et al. 1995; Kramer et al. 1998; Irish 1999, 2000; Drea et al. 2007) . As in basal angiosperms (Stellari et al. 2004) , PI duplications have continued to be retained at every phylogenetic level within the asterid clade.
As duplications in both the PI lineage and the AP3-like lineage have been documented outside core eudicots, it is unclear why asterids would have preferentially undergone duplications in the PI lineage rather than in the AP3 lineage. This could be the outcome of a random process. Alternatively, the prevalence of PI duplication events could reflect a shift in the regulatory interactions involving this transcription factor family. In Arabidopsis, the PI protein interacts with the MADS protein SEPALLATA3 (SEP3), whereas a similar AP3 construct shows only a weak interaction with SEP3 (Yang and Jack 2004) . The preference for PI over AP3 duplicate retention could thus reflect their relative importance in establishing interactions with the SEP proteins, which act as bridges for the formation of higher order complexes between MADS-domain proteins (Honma and Goto 2001; Pelaz et al. 2001) . Furthermore, it has been shown in tomato that the duplicate PI products have a different interaction behavior with the SEP gene products, with one copy capable of direct interaction with SEP-like proteins and able to form higher order complexes (Leseberg et al. 2008 ). This hypothesis of preferential retention of PI genes in asterids and consequent changes in interaction specificity can be further investigated by studying the protein-protein interactions among AP3, PI, and SEP gene products throughout the asterids.
Duplicate Lineages in Ericales Do Not Seem to Take on Distinct and Stable Functions but Do Evolve through Similar Mechanisms
Our data show that after duplication, PI paralogs rapidly acquire different expression domains both early and late in development, presumably caused by changes in the cis-regulatory regions of the duplicated genes. This mode of evolution is suggested to be important in the phenotypic evolution of the flower (Doebley and Lukens 1998) . However, we did not find shared derived expression patterns for the distinct paralogous lineages. Adaptive changes in MADS-domain protein sequences also have appeared to play an important role, suggesting that changes within the coding regions of these transcriptional regulators also influence phenotypic evolution of plants (MartinezCastilla and Alvarez-Buylla 2003) . Again, although both paralogs after duplication seem to have acquired substitutions in the amino acid domains putatively involved in protein-protein interactions, these substitutions are not characteristic for each clade. Together, these data suggest that the duplicate lineages in Ericales have not taken on stable and distinct functions through evolution, at least not when evaluating their expression patterns and sequence evolution.
Both clades appear to have undergone changes in their expression patterns in addition to adaptive evolution in their protein-protein interaction domains. Although many duplicated class B proteins have been shown to have undergone changes in cis-regulatory regions, adaptive evolution in the protein-protein interaction domains has also been demonstrated for several examples. Both in the case of Papaver (Drea et al. 2007 ) and Petunia (Vandenbussche et al. 2004) , class B duplicates have taken on different proteinprotein interaction specificities with their interaction partners. Also, Hernandez-Hernandez et al. (2007) identified strong evidence of positive selection after the AP3-PI duplication and the euAP3-TM6 duplication within the K-domain, which is crucial for the protein-protein interactions among MADS-domain proteins Yang and Jack 2004) . Within C. japonica, we were also able to show a different interaction behavior between the PI duplicates, with one copy interacting with DEF and the other copy interacting with both TM6 and DEF. Although we do not know if this interaction scheme is conserved in other species with multiple PI copies within Ericales, the yeast-2-hybrid result suggests subfunctionalization between the two PI copies in Camellia. Our data further show that, after duplication at the base of the Ericales, there is positive selection on two sites; these sites correspond to positions that reduce the PI-SEP interaction, when mutated in Arabidopsis (Yang and Jack 2004) . This would suggest that through elevated amino acid substitution rates, the interaction behavior of PI with SEP proteins could have changed after duplication.
From what we know of B-class protein function thus far, these results should not come as a surprise. After being expressed in a spatially and temporally delimited domain, the protein products interact to bind DNA. All three of these biochemical processes, upstream transcriptional control, protein-protein interaction, and DNA binding, can in principle evolve, and thus far, we have little evidence for any of these modes of evolution to be dominant, indicating that a challenge ahead is describing at the biochemical level the function of these genes in as diverse a sampling of plants as possible.
Functional Plasticity in Asterid PI Genes Our expression data indicate that after the PI duplication during the evolution of the Ericales, expression patterns of the duplicate copies can diverge considerably. However, we have identified multiple cases in the Ericales in which one duplicate was subsequently lost, and these loss events appear to be correlated with a shift in the expression pattern of the remaining gene back to a more ancestral condition. For instance, C. persicum appears to have lost one Ericales-specific PI duplicate copy. However, rather than presenting a more derived pattern of expression, the Cyclamen PI gene displays a more ''ancestral'' expression pattern, restricted to petals and stamens. These conclusions have to be taken with caution as gene loss was shown for only two species within the Ericales. A similar observation can be made for the duplication event in the PI lineage in the core asterid clade. The initial functional comparison of the B function between Arabidopsis and Antirrhinum suggested conservation between the two large clades of core eudicots (Coen and Meyerowitz 1991) . However, the phylogenetic history of class B genes now indicates that both Arabidopsis and Antirrhinum use a simple but derived B system, with the TM6 gene apparently absent from their genomes and only a single PI gene present in the Arabidopsis and Antirrhinum genomes. Flexibility is thus not only observed when it comes to the origin of a duplicate PI transcription factor system, which happened several times during asterid evolution, but also when the duplicated configuration is lost and the prior ancestral condition is reinstalled.
Presence of Duplicated PI Genes Correlates with Fused Stamens
Both changes in the upstream transcriptional control and adaptive evolution within the coding region appear to have preserved the PI duplicates in the Ericales, suggesting that the duplicate genes may have acquired distinct roles in floral development. Because the flower morphology of Ericales is well documented, we examined the available information (Fritsch 2003; Nooteboom 2003; Prance and Mori 2003; Scott 2003; Stevens et al. 2003; Caris and Smets 2004; Caris et al. 2006 ) in order to correlate the newly discovered PI duplications with derived morphologies in petal and stamen structures in basal asterids. For every Ericales species for which we isolated PI loci, we looked at the morphology of the second and third whorl organs, petals, and stamens (table 4). All species with two PI loci due to the ancient duplication event at the base of the Ericales have the filaments of their stamens fused in a ring-or tube-like structure, suggesting that the presence of multiple PI genes is associated with this floral trait. Within Styracaceae, Halesia has two PI copies due to the ancestral duplication event, whereas only one PI copy was identified in Styrax. Both species have a sympetalous corolla and stamens adnate to the corolla tube but only Halesia has fused stamens. A similar situation was observed in Actinidiaceae, including A. chinensis and S. zahlbruckneri. Only Saurauia has retained two PI loci due to the ancient duplication event and Actinidia has two copies with low sequence divergence due to a very recent duplication event. Again in this family, Saurauia has fused stamens, whereas the male reproductive parts in Actinidia are distinct. Two other species with fused stamens, I. glandulifera and G. brasiliensis, possess two PI copies due to a more recent duplication event. However, this correlation is not complete because two species from Theophrastaceae, Jacquinia auriantaca and Clavija latifolia, both possess a staminal tube, but only one PI copy was found in each species. Thus, although there are exceptions, species with a staminal tube have multiple PI gene copies, due to both ancient and more recent duplication events. One possibility is that the same subfunctionalization event has occurred several times independently in Ericales and that the same pathway, responsible for stamen fusion, has been recruited multiple times as a consequence of a gene duplication. Some support for this hypothesis comes from the core asterid Petunia, in which it has been demonstrated that PI duplications are involved in fusion events within the second and third whorl organs (Vandenbussche et al. 2004) . Although speculative, the observed correlation in Ericales is a working hypothesis for further, more functional,
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research into the roles of PI duplications in basal asterid species.
Relying on Gene Expression to Understand Gene Function
Although comparative gene expression data have proven useful in assessing the developmental role of a gene of interest (Lee et al. 2005; Kellogg 2006 ), some of the observed gene expression patterns show that speculating on the function of a gene in establishing a specific morphological trait on the basis of these gene expression patterns is not always straightforward. We show in several species that combined expression of a PI and AP3-like gene does not result in a petaloïd morphology. Both expression of PI and an AP3-like gene was detected in the sepals of P. acaulis, although they show typical green, nonpetaloid sepals. However, all investigated petaloid and staminoid organs in this study have the combined expression of PI and AP3-like genes thought to be necessary for their organ identity. This seems to confirm that there is a strong correlation between expression and function of floral MADS-box genes, although heterotopic expression does not always correspond to function. Thus, comparative gene expression studies through RT-PCR are useful, but such results have to be interpreted with caution. To really capture the function of a gene in a specific morphological trait, functional approaches, like Virus Induced Gene Silencing (VIGS), are required (e.g., Hileman et al. 2005) . The biggest drawback of this approach until now is the limited number of species tested for VIGS, restricting functional research in nonmodel systems to a limited number of angiosperm species.
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